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(57) ABSTRACT

In one embodiment, a tape drive includes a magnetic head
having a plurality of read sensors, each read sensor being
configured to read data simultaneously, a controller, and logic
integrated with and/or executable by the controller. The logic
1s configured to read, using the plurality of read sensors,
encoded data from a plurality of tracks of a magnetic tape
medium simultaneously. The logic 1s also configured to per-
form track-dependent erasure decoding on the encoded data
based on detection of one or more time-varying signal quality
1ssues associated with at least one of the plurality of tracks
read simultaneously from the magnetic tape medium.
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Read encoded data, using a plurality of read |
sensors of a magnetic head, from a plurality | s~ 1102

of tracks of a magnetic tape medium ?
simultaneously

Perform track-dependent erasure decoding
on the encoded data based on detection of |
one or more time-varying signal quality issues | «— 1104
associated with at least one of the plurality of |
tracks read simuitaneously from the magnetic |
tape medium 5

FIG. 11
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1
TRACK-DEPENDENT DECODING

BACKGROUND

The present invention relates to tape storage systems, and
more specifically, to selectively applying erasure decoding on
a per-track basis.

Currently-used linear tape drives apply product codes for
error-correction coding (ECC). These product codes contain
two Reed-Solomon component codes consisting of a C1 row
code and a C2 column code. Failure to decode a product
codeword, which requires successiul decoding of all C1 rows
and all C2 columns within a product code, leads to a tempo-
rary and/or permanent error. These temporary or permanent
errors are a significant problem when attempting to store data
to tape.

Typically, current tape drives implement ECC with two
modes of operation: 1) Error-only decoding (decoding in
which no information about uncorrectable C1 codewords 1s
passed to the C2 decoder); and 2) Frasure-decoding (decod-
ing in which information about C1 uncorrectable codewords
are passed from the C1 decoder to the C2 decoder).

The second mode, erasure-decoding, i1s beneficial i the
case where C1 uncorrectable codewords having a large num-
ber of byte errors are used as erasure flags for C2 decoding.
Conversely, the second mode likely leads to performance
degradation 1n the case where C1 uncorrectables with only a
small number of errors (only slightly beyond the error cor-
rection capability of the C1 decoder) are used as erasure tlags
for C2 decoding.

Therefore, 1t 1s not always beneficial to utilize erasure-
decoding when implementing ECC 1n tape drives.

SUMMARY

In one embodiment, a tape drive includes a magnetic head
having a plurality of read sensors, each read sensor being
configured to read data simultaneously, a controller, and logic
integrated with and/or executable by the controller. The logic
1s configured to read, using the plurality of read sensors,
encoded data from a plurality of tracks of a magnetic tape
medium simultaneously. The logic 1s also configured to per-
form track-dependent erasure decoding on the encoded data
based on detection of one or more time-varying signal quality
1ssues associated with at least one of the plurality of tracks
read simultaneously from the magnetic tape medium.

In another embodiment, a method 1ncludes reading, using
a plurality of read sensors of a magnetic head, encoded data
from a plurality of tracks of a magnetic tape medium simul-
taneously. The method also includes performing track-depen-
dent erasure decoding on the encoded data based on detection
of one or more time-varying signal quality 1ssues associated
with at least one of the plurality of tracks read simultaneously
from the magnetic tape medium.

In yet another embodiment, a computer program product
includes a computer readable storage medium having pro-
gram 1nstructions embodied therewith. The embodied pro-
gram 1nstructions are executable by a processor to cause the
processor to read, by the processor, encoded data from a
plurality of tracks of a magnetic tape medium simultaneously
using a plurality of read sensors of a magnetic head. The
program 1nstructions are also executable by the processor to
cause the processor to perform, by the processor, track-de-
pendent erasure decoding on the encoded data based on
detection of one or more time-varying signal quality 1ssues
associated with at least one of the plurality of tracks read
simultaneously from the magnetic tape medium.
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2

Other aspects and embodiments of the present invention
will become apparent from the following detailed descrip-
tion, which, when taken 1n conjunction with the drawings,
illustrate by way of example the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a network storage system, according to
one embodiment.

FIG. 2A 1llustrates a simplified tape drive of a tape-based
data storage system, according to one embodiment.

FIG. 2B 1s a schematic diagram of a tape cartridge accord-
ing to one embodiment.

FIG. 3 illustrates a conceptual data flow 1n a tape drive 1n
accordance with one embodiment.

FIG. 4 shows a logical data array that may be used to
organize data in a sub data set (SDS), according to one
embodiment.

FIG. 5 shows a system having track-dependent erasure
enable logic, according to one embodiment.

FIG. 6 shows track-dependent erasure enable logic,
according to one embodiment.

FIG. 7 shows ftrack-dependent erasure enable logic,
according to another embodiment.

FIG. 8 shows ftrack-dependent erasure enable logic,
according to yet another embodiment.

FIG. 9 shows track-dependent erasure enable logic, 1n
accordance with an embodiment.

FIG. 10 shows a system having track-dependent erasure
coellicient logic, according to one embodiment.

FIG. 11 shows a flowchart of a method according to one
embodiment.

DETAILED DESCRIPTION

The following description 1s made for the purpose of 1llus-
trating the general principles of the present invention and 1s
not meant to limit the inventive concepts claimed herein.
Further, particular features described herein can be used 1n
combination with other described features 1in each of the
various possible combinations and permutations.

Unless otherwise specifically defined herein, all terms are
to be given their broadest possible interpretation including
meanings implied from the specification as well as meanings
understood by those skilled 1n the art and/or as defined in
dictionaries, treatises, etc.

It must also be noted that, as used 1n the specification and
the appended claims, the singular forms “a,” “an’ and “the”
include plural referents unless otherwise specified. It will be
turther understood that the terms “comprises” and/or “com-
prising,” when used 1n this specification, specity the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one or more other features, integers, steps, operations,
clements, components, and/or groups thereof. The term
“about” as used herein indicates the value preceded by the
term “about,” along with any values reasonably close to the
value preceded by the term “about,” as would be understood
by one of skill in the art. When not indicated otherwise, the
term “‘about” denotes the value preceded by the term
“about”+10% of the value. For example, “about 10” indicates
all values from and 1ncluding 9.0 to 11.0.

The following description discloses several preferred
embodiments of systems, methods, and computer program
products for a track-dependent decoding scheme that adapts
to the time-varying signal quality of all sitmultaneously read
tracks. This scheme reduces the probability of temporary and
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permanent errors resulting from decoding data that 1s
encoded with error-correction coding (ECC) with only a
small increase 1n computational complexity and power con-
sumption.

In one general embodiment, a tape drive includes a mag-
netic head having a plurality of read sensors, each read sensor
being configured to read data simultaneously, a controller,
and logic mtegrated with and/or executable by the controller.
The logic 1s configured to read, using the plurality of read
sensors, encoded data from a plurality of tracks of a magnetic
tape medium simultaneously. The logic 1s also configured to
perform track-dependent erasure decoding on the encoded
data based on detection of one or more time-varying signal
quality 1ssues associated with at least one of the plurality of
tracks read simultaneously from the magnetic tape medium.

In another general embodiment, a method includes read-
ing, using a plurality of read sensors of a magnetic head,
encoded data from a plurality of tracks of a magnetic tape
medium simultaneously. The method also includes perform-
ing track-dependent erasure decoding on the encoded data
based on detection of one or more time-varying signal quality
1ssues associated with at least one of the plurality of tracks
read simultaneously from the magnetic tape medium.

In yet another general embodiment, a computer program
product includes a computer readable storage medium having,
program 1nstructions embodied therewith. The embodied
program instructions are executable by a processor to cause
the processor to read, by the processor, encoded data from a
plurality of tracks of a magnetic tape medium simultaneously
using a plurality of read sensors of a magnetic head. The
program 1nstructions are also executable by the processor to
cause the processor to perform, by the processor, track-de-
pendent erasure decoding on the encoded data based on
detection of one or more time-varying signal quality 1ssues
associated with at least one of the plurality of tracks read
simultaneously from the magnetic tape medium.

Referring now to FIG. 1, a schematic of a network storage
system 10 1s shown according to one embodiment. This net-
work storage system 10 1s only one example of a suitable
storage system and 1s not intended to suggest any limitation as
to the scope of use or functionality of embodiments of the
invention described herein. Regardless, network storage sys-
tem 10 1s capable of being implemented and/or performing
any of the functionality set forth hereinabove.

In the network storage system 10, there 1s a computer
system/server 12, which 1s operational with numerous other
general purpose or special purpose computing system envi-
ronments or configurations. Examples of well-known com-
puting systems, environments, and/or configurations that
may be suitable for use with computer system/server 12
include, but are not limited to, personal computer systems,
server computer systems, thin clients, thick clients, handheld
or laptop devices, multiprocessor systems, miCroprocessor-
based systems, set top boxes, programmable consumer elec-
tronics, network PCs, minicomputer systems, mainframe
computer systems, and distributed cloud computing environ-
ments that include any of the above systems or devices, and
the like.

Computer system/server 12 may be described 1n the gen-
cral context of computer system-executable instructions,
such as program modules, being executed by a computer
system. Generally, program modules may include routines,
programs, objects, components, logic, data structures, and so
on that perform particular tasks or implement particular
abstract data types. Computer system/server 12 may be prac-
ticed 1 distributed cloud computing environments where
tasks are performed by remote processing devices that are
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4

linked through a communications network. In a distributed
cloud computing environment, program modules may be
located 1n both local and remote computer system storage
media including memory storage devices.

As shown 1n FIG. 1, computer system/server 12 1n the
network storage system 10 1s shown 1n the form of a general-
purpose computing device. The components of computer sys-
tem/server 12 may include, but are not limited to, one or more
processors or processing units 16, a system memory 28, and
a bus 18 that couples various system components imncluding
system memory 28 to processor 16.

Bus 18 represents one or more of any of several types ol bus
structures, including a memory bus or memory controller, a
peripheral bus, an accelerated graphics port, and a processor
or local bus using any of a variety of bus architectures. By way
of example, and not limitation, such architectures include

Industry Standard Architecture (ISA) bus, Micro Channel
Architecture (IMCA) bus, Enhanced ISA (EISA) bus, Video
Electronics Standards Association (VESA) local bus, and
Peripheral Component Interconnects (PCI) bus.

Computer system/server 12 typically includes a variety of
computer system readable media. Such media may be any
available media that 1s accessible by computer system/server
12, and 1t includes both volatile and non-volatile media,
removable and non-removable media.

System memory 28 may include computer system readable
media 1n the form of volatile memory, such as random access
memory (RAM) 30 and/or cache memory 32. Computer sys-
tem/server 12 may further include other removable/non-re-
movable, volatile/non-volatile computer system storage
media. By way of example only, storage system 34 may be
provided for reading from and writing to a non-removable,
non-volatile magnetic media—mnot shown and typically
called a “hard disk,” which may be operated in a HDD.
Although not shown, a magnetic disk drive for reading from
and writing to a removable, non-volatile magnetic disk (e.g.,
a “tloppy disk™), and an optical disk drive for reading from or
writing to a removable, non-volatile optical disk such as a
CD-ROM, DVD-ROM or other optical media may be pro-
vided. In such instances, each may be connected to bus 18 by
one or more data media interfaces. As will be further depicted
and described below, memory 28 may include at least one
program product having a set (e.g., at least one) of program
modules that are configured to carry out the functions of
embodiments described herein.

Program/utility 40, having a set (at least one) of program
modules 42, may be stored in memory 28 by way of example,
and not limitation, as well as an operating system, one or more
application programs, other program modules, and program
data. Each of the operating system, one or more application
programs, other program modules, and program data or some
combination thereof, may include an implementation of a
networking environment. Program modules 42 generally
carry out the functions and/or methodologies of embodiments
of the mvention as described herein.

Computer system/server 12 may also communicate with
one or more external devices 14 such as akeyboard, a pointing
device, a display 24, etc.; one or more devices that enable a
user to interact with computer system/server 12; and/or any
devices (e.g., network card, modem, etc.) that enable com-
puter system/server 12 to communicate with one or more
other computing devices. Such communication may occur via
Input/Output (I/0) interfaces 22. Still yet, computer system/
server 12 may communicate with one or more networks such
as a local area network (LAN), a general wide area network
(WAN), and/or a public network (e.g., the Internet) via net-
work adapter 20. As depicted, network adapter 20 communi-
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cates with the other components of computer system/server
12 via bus 18. It should be understood that although not
shown, other hardware and/or software components could be
used 1n conjunction with computer system/server 12.
Examples, include, but are not limited to: microcode, device
drivers, redundant processing umts, external disk drive
arrays, redundant array of independent disks (RAID) sys-
tems, tape drives, and data archival storage systems, etc.

FIG. 2A illustrates a simplified tape drive 100 of a tape-
based data storage system, which may be employed 1n the
context of the present invention. While one specific imple-
mentation of a tape drive 1s shown 1n FIG. 2A, 1t should be
noted that the embodiments described herein may be imple-
mented 1n the context of any type of tape drive system.

As shown, a tape supply cartridge 120 and a take-up reel
121 are provided to support a tape 122. One or more of the
recls may form part of a removable cartridge and are not
necessarily part of the tape drive 100. The tape drive, such as
that illustrated 1n FIG. 2 A, may further include drive motor(s)
to drive the tape supply cartridge 120 and the take-up reel 121
to move the tape 122 over a tape head 126 of any type. Such
head may include an array of readers, writers, or both.

Guides 125 guide the tape 122 across the tape head 126.
Such tape head 126 1s in turn coupled to a controller 128 via
a cable 130. The controller 128, may be or include a processor
and/or any logic for controlling any subsystem of the tape
drive 100. For example, the controller 128 typically controls
head functions such as servo following, data writing, data
reading, etc. The controller 128 may include at least one servo
channel and at least one data channel, each of which include
data flow processing logic configured to process and/or store
information to be written to and/or read from the tape 122.
The controller 128 may operate under logic known in the art,
as well as any logic disclosed herein, and thus may be con-
sidered as a processor for any of the descriptions of tape
drives included herein, in various embodiments. The control-
ler 128 may be coupled to a memory 136 of any known type,
which may store instructions executable by the controller
128. Moreover, the controller 128 may be configured and/or
programmable to perform or control some or all of the meth-
odology presented herein. Thus, the controller 128 may be
considered to be configured to perform various operations by
way of logic programmed 1nto one or more chips, modules,
and/or blocks; software, firmware, and/or other instructions
being available to one or more processors; etc., and combi-
nations thereof.

The cable 130 may include read/write circuits to transmit
data to the head 126 to be recorded on the tape 122 and to
receive data read by the head 126 from the tape 122. An
actuator 132 controls position of the head 126 relative to the
tape 122.

An mterface 134 may also be provided for communication
between the tape drive 100 and a host (internal or external) to
send and receive the data and for controlling the operation of
the tape drive 100 and communicating the status of the tape
drive 100 to the host, all as will be understood by those of skill
in the art.

FI1G. 2B 1llustrates an exemplary tape cartridge 150 accord-
ing to one embodiment. Such tape cartridge 150 may be used
with a system such as that shown in FIG. 2A. As shown, the
tape cartridge 150 includes a housing 152, a tape 122 1n the
housing 152, and a nonvolatile memory 156 coupled to the
housing 152. In some approaches, the nonvolatile memory
156 may be embedded inside the housing 152, as shown 1n
FIG. 2B. In more approaches, the nonvolatile memory 156
may be attached to the inside or outside of the housing 152
without modification of the housing 152. For example, the
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nonvolatile memory may be embedded 1in a self-adhesive
label 154. In one preferred embodiment, the nonvolatile
memory 156 may be a Flash memory device, ROM device,
etc., embedded into or coupled to the 1nside or outside of the
tape cartridge 150. The nonvolatile memory 1s accessible by
the tape drive and the tape operating software (the driver
soltware), and/or other device.

FIG. 3 shows, 1n detailed form, a conceptual data tlow 300
in a tape drive with K simultaneously written tracks via K
write channels. The data flow 300 includes passing host data
through a cyclic redundancy check (CRC) error detection
encoder 302, a compression module 304, an optional encryp-
tion module 306, an error correction code (ECC) encoder 308
(which includes a C1 encoder and a C2 encoder, arranged as
C1/C2,0rC2/C1), and a tape layout module 310, according to
one embodiment. The header insertion module 312 may be
positioned as shown, feeding into the tape layout module 310,
or may be positioned feeding into the ECC encoder 308,
thereby allowing the headers to receive some amount of ECC
encoding, 1n one embodiment. The tape layout module 310
splits the data into individual feeds for each channel 1, ..., K
to write to the tracks of the tape medium. The data flow 300
also 1includes scrambling the data (data randomization) 314, .
.., 316, modulation encoding 318, . . ., 320, synchronization
isertion 326, . . ., 328, and multiplexing 322, . . ., 324 for
cach simultaneously written track 1, . . ., K.

In the following descriptions, most of these operations are
not shown, 1n order to simplify descriptions. However, any of
the descriptions herein may include additional operations not
depicted, as would be understood by one of ordinary skill 1n
the art upon reading the present descriptions. The number of
tracks that may be written simultaneously depends on the tape
drive being used, with the value of K ranging from 1 to 64 or
more.

FIG. 4 shows a logical data array 400 that may be used to
organize data in a sub data set (SDS), according to one
embodiment. As shown, the data array includes a plurality of
rows 402 and columns 404. Each row 402 1n the data array
400 1s a codeword interleave (CWI) that includes a plurality
of C1 codewords. When the CWI includes four interleaved
codewords, 1t 1s referred to as a CWI-4. The data in the SDS
1s protected by C1 encoding across each row 402 to produce
C1 row parity (not shown as it 1s modified later to produce the
data array 400), and by C2 encoding across each column 404
to produce C2 column parity 408.

As shown, the headers 406 for each row 402 may be
encoded using a C1 encoding scheme by modilying the Cl1
parity (computed for the data in the row 402 only) to account
tor the headers 406 to produce C1' parity 410. In this embodi-
ment, the headers 406 are protected by one-level ECC (C1'
parity 410 only), whereas the data 1s protected by two-level
ECC (C1' parity 410 and C2 parity 408).

Each data set includes multiple sub data sets and each sub
data set may be represented by a logical two-dimensional
array. Usually hundreds of headers are assigned to a single
data set because each data set includes multiple SDSs and
cach row (CWI) of a column-encoded SDS 1s assigned a
header.

Currently-used linear tape drives simultaneously write and
read up to 32 tracks to and/or from a magnetic tape medium.
C1 row codewords of a product code are written 1n a byte-
interleaved fashion onto individual tracks of the magnetic
tape medium. Due to differences 1n performance of the indi-
vidual transducers writing and reading the parallel tracks of
the magnetic tape medium, the raw error-rate of individual
tracks may vary significantly from track to track, and across
time for each individual track.
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In order to address this variability of the raw error-rate of
individual tracks, a track-dependent decoding scheme may be
used, according to one embodiment that 1s configured to adapt
to the time-varying signal quality of all tracks read simulta-
neously from the magnetic tape medium.

In a further embodiment, erasure pointers (that signal that
a C1 codeword should be erased, instead of relying on the
decoded bytes therein during C2 decoding) are generated 1n a
manner that accounts for the track signal quality. In one
approach, erasure pointers for C2 decoding are enabled 1if,
and only if, C1 codewords include a large number of byte
errors with a relatively high probability, as described 1n more
detail later.

According to one embodiment, track-dependent erasure
enable logic may be utilized 1n a tape drive or some other
device configured to read data from a magnetic tape medium.
The track-dependent erasure enable logic may use side infor-
mation about the reliability of detected bytes within C1 code-
words of each track to determine the probability that a C1
codeword has a number of byte errors that exceeds a prede-
termined threshold.

According to one embodiment, a tape drive may include a
magnetic head having a plurality of read sensors. Each read
sensor 1s configured to read data simultaneously from one
track of a magnetic tape medium, thereby allowing a plurality
of tracks to be read simultaneously from the magnetic tape
medium, the number capable of being read simultaneously
being equal to the number of read sensors of the magnetic
head. Of course, some read sensors may be configured to read
servo tracks for head alignment, and/or for other purposes,
but for the sake of these descriptions, it 1s assumed that the
read sensors are each capable of reading data from the mag-
netic tape medium.

The tape drive also includes a hardware processor and logic
integrated with and/or executable by the hardware processor.
The hardware processor may be a hardware processing unit
and/or circuit, such as a central processing unit (CPU), an
application specific integrated circuit (ASIC), a field pro-
grammable gate array (FPGA), etc., combinations thereot, or
any other suitable computing device known in the art. The
logic may be implemented 1n software, hardware, or some
combination thereof. The logic 1s configured to read, using
the plurality of read sensors, encoded data from a plurality of
tracks of the magnetic tape medium simultancously. The
number of tracks that may be read simultaneously 1s deter-
mined by the number of read sensors of the magnetic head.
The logic 1s also configured to perform track-dependent era-
sure decoding on the encoded data based on detection of one
or more time-varying signal quality 1ssues associated with at
least one of the plurality of tracks read simultaneously from
the magnetic tape medium.

According to one approach, the one or more time-varying
signal quality 1ssues may be determined based on side infor-
mation about reliability of detected bytes within C1 code-
words of each simultaneously-read track. The side informa-
tion may comprise one or more of the following sources of
side information: 1) statistics of channel/track performance,
that may be monitored by firmware, e.g., calibration data,
runtime statistics, etc., 2) C1 decoder statistics, €.g., anumber
of uncorrectable C1 codewords after C1 decoding; 3) read
channel metrics, e.g., mean squared error (MSE), signal-to-
noise ratio (SNR), etc.; and 4) run-length Iimited (RLL)
decoder metrics, e€.g., a number of error detection flags. Of
course, other sources of side information may be used as
would be apparent to one of skill in the art upon reading the
present descriptions.
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In one example, side information may comprise read or
write channel performance of at least one read or write chan-
nel falling below a predetermined threshold based on statis-
tics monitored by firmware of the tape drive. The statistics
monitored for the read channel may include averaged or
exponentially averaged MSE or SNR for each simultaneously
read track.

In another example, side mformation may comprise Cl
decoder performance falling below a predetermined thresh-
old based on statistics accumulated for the C1 decoder during
C1 decoding of the encoded data. The statistics accumulated
for the C1 decoder may 1include a number of uncorrectable C1
codewords for each track.

In this example, the C1 decoder determines an uncorrect-
able C1 codeword 1n response to more than a correctable
number of C1 byte errors being present 1n the C1 codeword.
Because the C1 decoder 1s unable to correct the C1 codeword,
presumably due to too many errors being contained therein, 1t
may also be assumed that the C1 codeword has a great many
C1 byte errors therein.

In this example, the C1 decoder performance may be deter-
mined to fall below the predetermined threshold for a specific
track 1n response to detection of at least one uncorrectable C1
codeword read from the specific track.

In another example, the C1 decoder performance may be
determined to fall below the predetermined threshold for a
specific track 1n response to detection of more than a prede-
termined number (N) of uncorrectable C1 codewords within
a preset number (M) of most recently decoded C1 codewords
for the specific track.

According to another example, the side information may
include a number of RLL error detection flags per C1 code-
word. In this case, track-dependent erasure decoding 1s per-
formed on the encoded data for a specific track 1n response to
a determination of more than an allowable number of RLL
error detection flags 1n a single C1 codeword read from the
specific track.

According to any embodiment described above, the logic
configured to perform track-dependent erasure decoding on
the encoded data may be configured to include any or all of the
following operations: perform C1 decoding of the encoded
data to produce a plurality of C1 codewords, determine a
probability that any of the plurality of C1 codewords indi-
vidually includes a number of C1 byte errors that exceeds a
predetermined threshold of C1 byte errors, enable erasure
pointers for C2 decoding 1n response to a determination that
the probability 1s greater than a threshold probability, msert
an erasure pointer 1n place of each C1 codeword of the plu-
rality of C1 codewords for which the probability 1s greater
than the threshold probability to produce a plurality of era-
sure-enabled C1 codewords, and perform C2 decoding on the
plurality of erasure-enabled C1 codewords using C2 error-
and-erasure decoding.

According to one embodiment, erasure pointers may be
ecnabled only on a set of tracks having a highest relative
probability that a C1 codeword read from that track includes
C1 byte errors exceeding the predetermined threshold of C1
byte errors. In this way, erasure pointers are not enabled on
more than one track at a time, and 1t 1s always the track having
the highest probability that a C1 codeword read from that
track includes C1 byte errors exceeding the predetermined
threshold of C1 byte errors. This ensures that operational
complexity 1s not increased significantly in comparison with
error-only decoding.

Now referring to FIG. 5, a system 500 configured for
track-dependent decoding 1s shown according to one embodi-
ment. As shown, the system 500 includes, for each of K tracks



US 9,412,410 Bl

9

(Track O, Track 1, ..., Track K-1), read channel architecture
508, a RLL decoder 506 (or some other suitable modulation
decoder of a type known in the art), C1 decoder 504, and
track-dependent erasure enable logic 502. These various
components may be included 1n each track, or some or all of
the various components may be centralized and implemented
for each track from a central implementation thereof.

In this embodiment, erasure flags for C2 decoding are
enabled (as indicated by the decision block which assigns a 0,
for null, or a 1, for enabled) 11 and only 1f there 1s a high
probability that one or more C1 codewords 1n a specific track
contain a large number of byte errors. By a large number of
byte errors, what 1s meant 1s that the number of byte errors
exceeds the amount of correctable byte errors within a single
C1 codeword.

When a C1 decoder 1s able to successtully decode a Cl1
codeword, the C1 decoder assumes that the number of byte
errors does not exceed the amount of correctable byte errors.
However, this 1s not true 1n response to the C1 decoder mis-
correcting bytes, in which case there are at least d_ . errors
whered_ . 1sthe minimum Hamming distance of the C1 code
and the error correction capability of the C1 code, t, 1s t=floor
((d_. —1)2). When the C1 decoder 1s unable to successtully
decode a C1 codeword, then a C1 decoding failure occurs, 1n
which case the number of byte errors must exceed the amount
ol correctable byte errors t=tloor((d, . —1)/2).

This decision as to what the likelihood or probability 1s that
the number of byte errors exceeds the amount of correctable
byte errors within a single C1 codeword may be based on side
information, as described previously. This side information
provides 1nsight into the reliability of the detected bytes
within the C1 codewords for each track, Track Oto Track K-1.

In one embodiment, K=32, e.g., there are 32 tracks in the
system 500. In some other embodiments, K may equal 16, 64,
or some other positive integer.

After the erasure flags are either enabled and set, or dis-
abled and not used, the C1 codewords, or the erasure-enabled
C1 codewords (with at least one C1 codeword having an
erasure tlag enabled) are passed to a de-interleaver/butlier 510
to revert the interleaving of the data 1n the encoded data and to
store the data prior to passing the data to the C2 decoder 512
tor C2 decoding thereof. The C2 decoding may be error-only
decoding (in response to the erasure tlags not being enabled)
or error-and-erasure decoding (1n response to the erasure flags
being enabled, as shown in FI1G. 5 by the darkened rows of the
array 1n the C2 decoder 512).

In one embodiment, the track-dependent erasure enable
logic 502 may be 1n communication with firmware 514 of a
tape drive, a tape library, or some other suitable system
capable of directing the track-dependent erasure enable logic
502 before/during/after erasure enabling procedures.

Now referring to FIG. 6, an embodiment of track-depen-
dent erasure enable logic 600 1s shown. The track-dependent
erasure enable logic 600 may be used 1n the system 500 of
FIG. 5 as the track-dependent erasure enable logic 502 in one
embodiment, or 1n any other suitable system for enabling
erasure decoding 1n a decoder. With reference again to FI1G. 6,
the track-dependent erasure enable logic 600 may be 1mple-
mented 1n hardware, software, or a combination of hardware
and software. As shown, the track-dependent erasure enable
logic 600 includes a read/write configuration register (CFG
REG) 602. The read/write configuration register 602 1s acces-
sible from the firmware 514 via a memory mapping or some
other suitable mechanism known 1n the art.

In one embodiment, the firmware 514 may be configured to
collect statistics relating to channel/track performance. The
firmware 514 may also be configured to evaluate these statis-
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tics in order to produce decisions, determinations, and/or
analysis related to track/channel signal quality reliability. The
statistics may 1include, 1n various embodiments, calibration
results, runtime statistics such as errors, data read, data dis-
carded, etc. Based on the evaluation of the statistics, an erase
cnable bit may be set and provided to the de-interleaver/
buifer.

Now referring to FIG. 7, an embodiment of track-depen-
dent erasure enable logic 700 1s shown. The track-dependent
erasure enable logic 700 may be used 1n the system 500 of
FIG. 5 as the track-dependent erasure enable logic 502 1n one
embodiment, or 1 any other suitable system for enabling
erasure decoding 1n a decoder. With reference again to FIG. 7,
the track-dependent erasure enable logic 700 may be imple-
mented 1n hardware, software, or a combination of hardware
and software.

As shown, the track-dependent erasure enable logic 700
includes a delay line 708 of length M and an accumulator 706
that may be used by the track-dependent erasure enable logic
700 to determine track/channel signal quality reliability. The
delay line 708 stores ‘0’ or ‘1. In response to a C1 codeword
being uncorrectable, a ‘1’ enters the delay line 708. In
response to a C1 codeword being correctable, “0” enters the
delay line 708. The history of the C1 decoder statistics, spe-
cifically the uncorrectable C1 codewords output from the C1
decoder, may be used 1n this regard. The accumulator 706
counts the number of uncorrectable C1 codewords 1n the M
most recent codewords, which 1s referred to as a shding
window of length M, and thus accumulator 706 may be
referred to as a sliding window accumulator. The accumulator
706, 1n one embodiment, computes the sum s, of three inte-
gers: adds a,=‘0" or ‘1° entering the delay line, subtracts
b =0’ or ‘1’ leaving the delay line, and adds the last sum
value s, _,. Therefore, s,=s__,+a _—b_.

The threshold detector 704 operates, in one embodiment,
by determining whether more than N out of M C1 codewords
are uncorrectable. By uncorrectable, what 1s meant 1s that the
C1 decoder 1s unable to successtully correct a C1 codeword
due to too many errors being present 1n a C1 codeword, or for
some other reason known 1n the art. In response to a determi-
nation that more than N out of M C1 codewords are uncor-
rectable, the erasure flag i1s enabled (en=1); otherwise, the
erasure flag 1s disabled (en=0). The sliding window length of
M may be configured using the configurable threshold 702
via the firmware 514, in one approach.

Now referring to FIG. 8, an embodiment of track-depen-
dent erasure enable logic 800 1s shown. The track-dependent
crasure enable logic 800 may be used 1n the system 500 of
FIG. 5 as the track-dependent erasure enable logic 502 1n one
embodiment, or 1 any other suitable system for enabling
erasure decoding in a decoder. With reference again to FI1G. 8,
the track-dependent erasure enable logic 800 may be imple-
mented 1in hardware, software, or a combination of hardware
and software.

As shown 1n FIG. 8, the track-dependent erasure enable
logic 800 includes an averaging unit 806 that may be used by
the track-dependent erasure enable logic 800 to determine
track/channel signal quality reliability. The averaging unit
806, 1n one embodiment, may average one or more metrics
from the read channel, such as the MSE, the SNR, or some
other obtainable metric from the read channel. In one embodi-
ment, an exponentially averaged MSE and/or SNR metric
from the read channel may be calculated.

The threshold detector 804 operates, in one embodiment,
by determining whether the averaged channel metric 1s below
a predetermined and configurable threshold. In response to a
determination that the averaged channel metric 1s below the
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configurable threshold, the erasure flag 1s enabled (en=1);
otherwise, the erasure flag 1s disabled (en=0). The threshold
may be configured using the configurable threshold (CFG
THR) 802 via the firmware 514, 1n one approach.

In an alternate approach, a group of tracks/channels may be
used and an average taken of the channel metrics for all of the
channels 1n this group in order to make a determination as to
whether the channel metric falls below the threshold as a
group, rather than on a per-channel basis.

Now referring to FIG. 9, an embodiment of track-depen-
dent erasure enable logic 900 1s shown. The track-dependent
crasure enable logic 900 may be used 1n the system 500 of
FIG. 5 as the track-dependent erasure enable logic 502 in one
embodiment, or 1n any other suitable system for enabling
erasure decoding 1n a decoder. With reference again to F1G. 9,
the track-dependent erasure enable logic 900 may be 1mple-
mented 1n hardware, software, or a combination of hardware
and software.

As shown 1n FIG. 9, the track-dependent erasure enable
logic 900 1ncludes an accumulator 906 that may be used by
the track-dependent erasure enable logic 900 to determine
track/channel signal quality reliability. The accumulator 906,
in one embodiment, may count the number of RLL error
detection flags raised per C1 codeword. In one embodiment,
the accumulator 906 may include a reset mechanism to reset
when a new C1 codeword 1s being evaluated.

The threshold detector 904 operates, in one embodiment,
by determining whether the count of raised error detection
flags from the RLL decoder for any particular C1 codeword 1s
above a predetermined and configurable threshold. In
response to a determination that the count of raised error
detection flags from the RLL decoder for any particular C1
codeword 1s above the configurable threshold, the erasure flag
1s enabled (en=1); otherwise, the erasure flag 1s disabled
(en=0). The threshold may be configured using the config-
urable threshold (CFG'THR ) 902 via the firmware 514, in one
approach.

The RLL decoder raises an error detection flag in response
to a determination that an1llegal RLL codeword 1s recerved at
an mput to the RLL decoder.

Now referring to FIG. 10, a system 1000 configured for
track-dependent decoding 1s shown according to one embodi-
ment. As shown, the system 1000 includes, for each of K
tracks (Track O, Track 1, . . ., Track K-1), read channel
architecture 1008, a RLL decoder 1006 (or some other suit-
able modulation decoder of a type known in the art), C1
decoder 1004, and track-dependent erasure coeltlicient logic
1002. These various components may be included in each
track, or some or all of the various components may be cen-
tralized and implemented for each track from a central imple-
mentation thereof.

In one embodiment, the track-dependent erasure coetfi-
cient logic 1002 may be in communication with firmware
1014 of a tape drive.

In accordance with one embodiment, erasure tlags for C2
decoding are enabled 11 and only i1 there 1s a high probability
that one or more C1 codewords 1n a specific track contain a
large number of byte errors. This probability 1s indicated with
crasure coelficients w,, e.g., w,, W, , W,, for each erasure flag.

Each erasure coeflficient 1s associated with an erasure flag
for C2 decoding indicated by the C1 decoder 1004, with the
erasure coellicient, w,, being 1 a range from 0 to 1, e.g.,
(O=w <1). The erasure coeflicient w, 1s proportional to the
number of byte errors within a C1 codeword, thus represent-
ing a beliel/likelihood/probability that the C2 decoder 1012
should treat the corresponding C1 bytes as erasures, and not
rely on the decoded information therein.
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The computation of the erasure coellicients w, in the track-
dependent erasure coetlicient logic 1002 utilizes side infor-
mation about the reliability of detected bytes within C1 code-
words of each track. Any of the potential sources of side
information described previously may be used, such as sta-
tistics of channel/track performance monitored by the firm-
ware 1014, e.g., calibration data, runtime statistics, etc.; C1
decoder 1004 statistics, e.g., C1 uncorrectable codewords;

read channel 1008 metrics, e.g., MSE, SNR, etc.; and RLL

decoder 1006 metrics, e.g., error detection flag(s).

In one embodiment, the erasure coetficients w, 1n the track-
dependent erasure coeflicient logic 1002 are dynamically
computed for each track t using the SNR, metric of track t
obtained from the read channel for track t by using exponen-

tial averaging. In this case, w, 1s computed by considering

three different SNR regimes. If SNR <SNR,, w,=1 corre-
sponding to the low SNR regime. If SNR >SNR ,,, w =0 cor-

responding to the high SNR regime. Otherwise, w,=1-

(SNR,-SNR, )/(SNR ,,—~SNR ;) corresponding to the medium
SNR regime. The constants SNR, and SNR,, are predeter-
mined configurable SNR values characterizing the low SNR
and the high SNR regimes. For example, SNR, may equal
about 12 dB and SNR ,, may equal about 15 dB.

In another embodiment, the erasure coetlicients w, 1n the
track-dependent erasure coetlicient logic 1002 are dynami-
cally computed for each track from the SNR, metrics ot all (or
a group) ol tracks obtained from all (or a group) of read
channels by using exponential averaging. To this end, an
average (ormedian) SNR . value1s computed from the SNR,
metrics of all (or a subgroup) of tracks. Furthermore, for each
track the difference between 1ts SNR . metric and the average
SNR of all (or a group) of tracks SNR_, . 1s computed by
ASNR,~=SNR,-SNR, .. In this case, w; 1s computed by con-
sidering three different SNR regimes. If ASNR <ASNR,,
w=1 corresponding to the low SNR regime. IT
ASNR >ASNR,,, w=0 corresponding to the high SNR
regime. Otherwise, w~=1-(ASNR.—ASNR,)/(ASNR,,—
ASNR ;) corresponding to the medium SNR regime. The con-
stants ASNR, and ASNR,, are predetermined configurable
SNR values characterizing the low SNR and the high SNR
regimes. For example, ASNR, may equal about -2 dB and
ASNR ;, may equal about 2 dB.

In one embodiment, the erasure coellicients may be used 1n
a determination to enable erasure decoding on a per decoded
C1 codeword basis. Any erased C1 row codeword bytes may
then be used as erasures during C2 error-and-erasure column
codeword decoding. Once the erasure coellicients, w,, of all
bytes 1 a decoded C1 row codeword are computed and/or
estimated, there will be N1 erasure coefficients in the C1 row
codeword, one for each byte 1n the codeword. These erasure
coellicients w, may be summed over all N1 decoded bytes of
the C1 codeword (note: a C1 codeword has N1 bytes) to
obtain the sum S, where S=2,""'w._. In response to a determi-
nation that this sum S 1s greater than a predetermined config-
urable threshold, all the N1 bytes of the C1 codeword may be
crased (e.g., the erase flag 1s enabled for the decoded Cl1
codeword which 1s then used to erase a row of decoded C1
bytes during C2 error-and-erasure column decoding). The
predetermined configurable threshold may have any positive
value, suchas 0.1,0.2,0.25,0.5,0.6,0.75,1.0, 2.0, 5.0, 10.0,
etc., determined based on a desired amount of errors 1n a
codeword that causes an erasure flag to be set and a value of
a typical erasure coetlicient w..

The algorithm described above is a specific algorithm and
there are many other possible ways to decide which bytes in
a C1 codeword are to be erased. In one embodiment, the bytes
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determined to be erased 1n the C1 codeword are based on the
erasure coellicients calculated for each byte 1n the C1 code-
word.

In one embodiment, K=32, e.g., there are 32 tracks 1n the
system 1000. In some other embodiments, K may equal 16,
64, or some other positive integer.

After the erasure flags are either enabled and set, or dis-
abled and not used, the C1 codewords, or the erasure-enabled
C1 codewords (with at least one C1 codeword having an
erasure flag enabled) are passed to a de-interleaver/buifer
1010 along with the erasure coellicients w, associated with
cach erasure flag to revert the interleaving of the data in the
encoded data and to store the data prior to passing the data to
the C2 decoder 1012 for C2 decoding thereot. The C2 decod-
ing may be error-only decoding (in response to the erasure
flags not being enabled) or error-and-erasure decoding (in
response to the erasure tlags being enabled, as shown 1n FIG.
10 by the darkened rows of the array 1n the C2 decoder 1012).

Now referring to FIG. 11, a flowchart of a method 1100 1s
shown according to one embodiment. The method 1100 may
be performed in accordance with the present invention 1n any
of the environments depicted 1n FIGS. 1-10, among others, 1n
various embodiments. Of course, more or less operations than
those specifically described 1n FIG. 11 may be included in
method 1100, as would be understood by one of skill 1n the art
upon reading the present descriptions.

Each of the steps of the method 1100 may be performed by
any suitable component of the operating environment. For
example, 1 various embodiments, the method 1100 may be
partially or entirely performed by a controller, a processor, a
tape drive, or some other device having one or more proces-
sors therein. The processor, €.g., processing circuit(s),
chip(s), and/or module(s) implemented in hardware and/or
soltware, and preferably having at least one hardware com-
ponent, may be utilized 1n any device to perform one or more
steps of the method 1100. Illustrative processors include, but
are not limited to, a CPU, an ASIC, a FPGA, etc., combina-
tions thereot, or any other suitable computing device known
in the art.

As shown 1n FIG. 11, method 1100 may 1nitiate with opera-
tion 1102, where a plurality of read sensors of a magnetic
head are used to read encoded data from a plurality of tracks
ol a magnetic tape medium simultaneously. Some read sen-
sors may be configured for reading servo tracks, while the
plurality of read sensors are configured for reading data from
a data portion of the magnetic tape medium.

In operation 1104, track-dependent erasure decoding 1s
performed on the encoded data based on detection of one or
more time-varying signal quality 1ssues associated with at
least one of the plurality of tracks read simultaneously from
the magnetic tape medium

According to one embodiment, track-dependent erasure
decoding may be performed on the encoded data by the fol-
lowing process. First, C1 decoding of the encoded data may
be performed, as would be understood to one of skill in the art,
to produce a plurality of C1 codewords. Next, a probability
that any of the plurality of Cl1 codewords individually
includes a number of C1 byte errors that exceeds a predeter-
mined threshold of C1 byte errors 1s determined. This deter-
mination may be made using any technique described herein
according to various embodiments. Then, erasure pointers for
C2 decoding are enabled 1n response to a determination that
the probability 1s greater than a threshold probability. In place
of each C1 codeword of the plurality of C1 codewords for
which the probability 1s greater than the threshold probability,
an erasure pointer 1s mserted in order to produce a plurality of
erasure-enabled C1 codewords. Finally, C2 decoding is per-
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formed on the plurality of erasure-enabled C1 codewords
using C2 error-and-erasure decoding, as would be understood
by one of skill 1n the art upon reading the present descriptions.

In a further embodiment, erasure pointers are enabled only
on a set of tracks having a highest relative probability that a
C1 codeword read from that track includes C1 byte errors
exceeding the predetermined threshold of C1 byte errors. In
this way, only the worst performing track has erasure pointers
enabled for subsequent C2 error-and-erasure decoding.

According to one embodiment, the one or more time-vary-
ing signal quality 1ssues may be determined based on side
information about reliability of detected bytes within Cl1
codewords of each simultaneously-read track. This side infor-
mation may be obtained from any available source, and may
be used 1n any manner as described herein 1n various embodi-
ments, along with those not specifically mentioned. The side
information may include any or all of the following: read
channel performance of at least one read channel falling
below a predetermined threshold based on read channel sta-
tistics monitored by firmware, write channel performance of
at least one write channel falling below a predetermined
threshold based on write channel statistics monitored by the
firmware, C1 decoder performance falling below a predeter-
mined threshold based on statistics accumulated for the C1
decoder during C1 decoding of the encoded data, eftc.

Theread channel statistics may include exponentially aver-
aged MSE and/or SNR for each simultaneously read track, in
one embodiment. The statistics accumulated for the ClI
decoder may comprise a number of uncorrectable C1 code-
words for each track, according to one approach. In another
approach, the C1 decoder may determine an uncorrectable C1
codeword 1n response to more than a correctable number of
C1 byte errors being present 1in the C1 codeword, as would be
understood by one of skill 1n the art.

In another embodiment, it may be determined that the C1
decoder performance falls below the predetermined threshold
for a specific track 1n response to detection of at least one
uncorrectable C1 codeword read from the specific track.
Moreover, the C1 decoder performance may fall below the
predetermined threshold for a specific track in response to
detection of more than a predetermined number (N) of uncor-
rectable C1 codewords within a preset number (M) of most
recently decoded C1 codewords for the specific track.

The side information may include a number of RLL error
detection flags per C1 codeword provided by the RLL
decoder. In this case, track-dependent erasure decoding may
be performed on the encoded data for a specific track in
response to a determination of more than an allowable num-
ber of RLL error detection flags in a single C1 codeword read
from the specific track.

In one embodiment, track-dependent erasure decoding on
the encoded data may comprise the following procedure,
alone or in combination with any of the other sources of side
information and/or threshold evaluations regarding whether
to implement erasure decoding. First, an erasure coefficient
may be calculated for each byte 1n a particular C1 codeword
read using a specific track. Each erasure coelficient 1s a mea-
sure of a reliability of an associated decoded byte, such that
the higher the erasure coetlicient, the less confidence there 1s
in the value of the decoded byte. Then, all erasure coefficients
for the particular C1 codeword are summed together to pro-
duce a sum of erasure coefficients, and i1t 1s determined
whether the sum of erasure coeflicients 1s greater than a
predetermined configurable coefficient threshold. In
response to a determination that the sum is greater than the
predetermined configurable threshold, track-dependent era-
sure decoding 1s performed on the encoded data for any
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specific track that had an associated sum of erasure coelli-
cients that 1s greater than the predetermined configurable
coellicient threshold.

These erasure coellicients may be used in conjunction with
the MSE, SNR, number of uncorrectable bytes in a C1 code-
word, RLL error detection flags, or any other source of side
information known 1n the art.

The present invention may be a system, a method, and/or a
computer program product. The computer program product
may include a computer readable storage medium (or media)
having computer readable program instructions thereon for
causing a processor to carry out aspects of the present mven-
tion.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an elec-
tronic storage device, a magnetic storage device, an optical
storage device, an electromagnetic storage device, a semicon-
ductor storage device, or any suitable combination of the
foregoing. A non-exhaustive list of more specific examples of
the computer readable storage medium includes the follow-
ing: a portable computer diskette, a hard disk, a random
access memory (RAM), aread-only memory (ROM), an eras-
able programmable read-only memory (EPROM or Flash
memory), a static random access memory (SRAM), a por-
table compact disc read-only memory (CD-ROM), a digital
versatile disk (DVD), a memory stick, a tloppy disk, a
mechanically encoded device such as punch-cards or raised
structures 1n a groove having instructions recorded thereon,
and any suitable combination of the foregoing. A computer
readable storage medium, as used herein, 1s not to be con-
strued as being transitory signals per se, such as radio waves
or other freely propagating electromagnetic waves, electro-
magnetic waves propagating through a waveguide or other
transmission media (e.g., light pulses passing through a fiber-
optic cable), or electrical signals transmitted through a wire.

Computer readable program instructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface 1 each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
instructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler imstruc-
tions, 1instruction-set-architecture (ISA) 1instructions,
machine i1nstructions, machine dependent instructions,
microcode, firmware 1nstructions, state-setting data, or either
source code or object code written 1n any combination of one
or more programming languages, imcluding an object ori-
ented programming language such as Smalltalk, C++ or the
like, and conventional procedural programming languages,
such as the “C” programming language or similar program-
ming languages. The computer readable program instructions
may execute entirely on the user’s computer, partly on the
user’s computer, as a stand-alone software package, partly on
the user’s computer and partly on a remote computer or
entirely on the remote computer or server. In the latter sce-
nario, the remote computer may be connected to the user’s
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computer through any type of network, including a local area
network (LLAN) or a wide area network (WAN), or the con-
nection may be made to an external computer (for example,
through the Internet using an Internet Service Provider). In
some embodiments, electronic circuitry including, for
example, programmable logic circuitry, field-programmable
gate arrays (FPGA), or programmable logic arrays (PLA)
may execute the computer readable program 1nstructions by
utilizing state information of the computer readable program
instructions to personalize the electronic circuitry, 1n order to
perform aspects of the present invention.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the mvention. It will be
understood that each block of the flowchart i1llustrations and/
or block diagrams, and combinations of blocks 1n the flow-
chart illustrations and/or block diagrams, can be 1mple-
mented by computer readable program 1nstructions.

These computer readable program instructions may be pro-
vided to a processor ol a general purpose computer, special
purpose computer, or other programmable data processing
apparatus to produce a machine, such that the instructions,
which execute via the processor of the computer or other
programmable data processing apparatus, create means for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks. These computer read-
able program instructions may also be stored 1n a computer
readable storage medium that can direct a computer, a pro-
grammable data processing apparatus, and/or other devices to
function 1n a particular manner, such that the computer read-
able storage medium having instructions stored therein com-
prises an article ol manufacture including mstructions which
implement aspects of the function/act specified in the tlow-
chart and/or block diagram block or blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data processing
apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer implemented
process, such that the instructions which execute on the com-
puter, other programmable apparatus, or other device imple-
ment the functions/acts specified in the flowchart and/or
block diagram block or blocks.

The flowchart and block diagrams 1n the Figures 1llustrate
the architecture, functionality, and operation of possible
implementations ol systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block 1n the tflowchart
or block diagrams may represent a module, segment, or
portion of instructions, which comprises one or more execut-
able instructions for implementing the specified logical func-
tion(s). In some alternative implementations, the functions
noted 1n the block may occur out of the order noted 1n the
figures. For example, two blocks shown 1n succession may, 1n
fact, be executed substantially concurrently, or the blocks
may sometimes be executed 1n the reverse order, depending
upon the functionality involved. It will also be noted that each
block of the block diagrams and/or flowchart illustration, and
combinations of blocks 1n the block diagrams and/or tlow-
chart illustration, can be implemented by special purpose
hardware-based systems that perform the specified functions
or acts or carry out combinations of special purpose hardware
and computer mstructions.

Moreover, a system according to various embodiments
may include a processor and logic integrated with and/or
executable by the processor, the logic being configured to
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perform one or more of the process steps recited herein. By
integrated with, what 1s meant 1s that the processor has logic
embedded therewith as hardware logic, such as an ASIC, a
FPGA, etc. By executable by the processor, what 1s meant 1s
that the logic 1s hardware logic, software logic such as firm-
ware, part of an operating system, part ol an application
program, etc., or some combination of hardware and software
logic that 1s accessible by the processor and configured to
cause the processor to perform some functionality upon
execution by the processor. Software logic may be stored on
local and/or remote memory of any memory type, as known in
the art. Any processor known 1n the art may be used, such as
a soltware processor module and/or a hardware processor
such as an ASIC, a FPGA, a CPU, an mtegrated circuit (IC),
a graphics processing unit (GPU), etc.

It will be clear that the various features of the foregoing
systems and/or methodologies may be combined 1n any way,
creating a plurality of combinations from the descriptions
presented above.

It will be further appreciated that embodiments of the
present mvention may be provided 1n the form of a service
deployed on behalf of a customer to offer service on demand.

While various embodiments have been described above, it
should be understood that they have been presented by way of
example only, and not limitation. Thus, the breadth and scope
of a preferred embodiment should not be limited by any of the
above-described exemplary embodiments, but should be
defined only in accordance with the following claims and
their equivalents.

What 1s claimed 1s:
1. A tape drive, comprising:
a magnetic head having a plurality of read sensors, each
read sensor being configured to read data simulta-
neously; and
a controller and logic integrated with and/or executable by
the controller, the logic being configured to:
read, using the plurality of read sensors, encoded data
from a plurality of tracks of a magnetic tape medium
simultaneously; and

perform track-dependent erasure decoding on the
encoded data based on detection of one or more time-
varying signal quality 1ssues associated with at least
one of the plurality of tracks read simultaneously
from the magnetic tape medium.

2. The tape drive as recited 1n claim 1, wherein the one or
more time-varying signal quality 1ssues 1s determined based
on side mnformation about reliability of detected bytes within
C1 codewords of each simultaneously-read track.

3. The tape drive as recited 1n claim 2, wherein the side
information comprises read or write channel performance of
at least one read or write channel falling below a predeter-
mined threshold based on statistics momitored by firmware of
the tape drive.

4. The tape drive as recited 1n claim 3, wherein the statistics
monitored for the read channel include exponentially aver-
aged mean squared error (MSE) or signal-to-noise ratio
(SNR) for each simultaneously read track.

5. The tape drive as recited 1n claim 2, wherein the side
information comprises C1 decoder performance {falling
below a predetermined threshold based on statistics accumu-
lated for the C1 decoder during C1 decoding of the encoded
data.

6. The tape drive as recited in claim 3, wherein the statistics
accumulated for the C1 decoder comprise a number of uncor-
rectable C1 codewords for each track, and wherein the C1
decoder determines an uncorrectable C1 codeword 1n
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response to more than a correctable number of C1 byte errors
being present 1n the C1 codeword.

7. The tape drive as recited in claim 6, wherein the Cl
decoder performance falls below the predetermined threshold
for a specific track 1n response to detection of at least one
uncorrectable C1 codeword read from the specific track.

8. The tape drive as recited in claim 6, wherein the Cl
decoder performance falls below the predetermined threshold
for a specific track 1n response to detection of more than a
predetermined number (N) of uncorrectable C1 codewords
within a preset number (M) of most recently decoded Cl1
codewords for the specific track.

9. The tape drive as recited in claim 2, wherein the side
information comprises a number of run-length limited (RLL)
error detection flags per C1 codeword, and wherein track-
dependent erasure decoding 1s performed on the encoded data
for a specific track in response to a determination of more than
an allowable number of RLL error detection flags 1n a single
C1 codeword read from the specific track.

10. The tape drive as recited 1n claim 1, wherein the logic
configured to perform track-dependent erasure decoding on
the encoded data 1s configured to:

calculate an erasure coetficient for each byte 1n a particular

C1 codeword read using a specific track, each erasure
coellicient being a measure of a reliability of an associ-
ated decoded byte;

sum all erasure coetficients for the particular C1 codeword

to produce a sum of erasure coellicients;

determine whether the sum of erasure coeflicients 1s

greater than a predetermined configurable coefficient
threshold; and

perform track-dependent erasure decoding on the encoded

data for the specific track 1n response to a determination
that the sum 1s greater than the predetermined config-
urable threshold.

11. The tape drive as recited 1n claim 1, wherein the logic
configured to perform track-dependent erasure decoding on
the encoded data 1s configured to:

perform C1 decoding of the encoded data to produce a

plurality of C1 codewords;
determine a probability that any of the plurality of Cl
codewords individually includes a number of C1 byte
errors that exceeds a predetermined threshold of C1 byte
CITors;

enable erasure pointers for C2 decoding in response to a
determination that the probability 1s greater than a
threshold probability;

insert an erasure pointer 1 place of each C1 codeword of

the plurality of C1 codewords for which the probability
1s greater than the threshold probability to produce a
plurality of erasure-enabled C1 codewords; and
perform C2 decoding on the plurality of erasure-enabled
C1 codewords using C2 error-and-erasure decoding.

12. The tape drive as recited 1n claim 11, wherein erasure
pointers are enabled only on a set of tracks having a highest
relative probability that a C1 codeword read from that track
includes C1 byte errors exceeding the predetermined thresh-
old of C1 byte errors.

13. A method, comprising:

reading, using a plurality of read sensors of a magnetic

head, encoded data from a plurality of tracks of a mag-
netic tape medium simultaneously; and

performing track-dependent erasure decoding on the

encoded data based on detection of one or more time-
varying signal quality 1ssues associated with at least one
of the plurality of tracks read simultaneously from the
magnetic tape medium.
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14. The method as recited in claim 13, wherein the per-
forming track-dependent erasure decoding on the encoded
data comprises:

performing C1 decoding of the encoded data to produce a

plurality of C1 codewords;
determining a probability that any of the plurality of C1
codewords 1individually includes a number of C1 byte
errors that exceeds a predetermined threshold of C1 byte
CITOrS;

enabling erasure pointers for C2 decoding in response to a
determination that the probability 1s greater than a
threshold probability;
iserting an erasure pointer in place of each C1 codeword
of the plurality of C1 codewords for which the probabil-
ity 1s greater than the threshold probability to produce a
plurality of erasure-enabled C1 codewords; and

performing C2 decoding on the plurality of erasure-en-
abled C1 codewords using C2 error-and-erasure decod-
ng.

15. The method as recited in claim 14, wherein erasure
pointers are enabled only on a set of tracks having a highest
relative probability that a C1 codeword read from that track
includes C1 byte errors exceeding the predetermined thresh-
old of C1 byte errors.

16. The method as recited 1n claim 13, wherein the one or
more time-varying signal quality 1ssues 1s determined based
on side mformation about reliability of detected bytes within
C1 codewords of each simultaneously-read track.

17. The method as recited 1n claim 16, wherein the side
information 1s selected from a group consisting of:

read channel performance of at least one read channel

falling below a predetermined threshold based on read
channel statistics monitored by firmware;

write channel performance of at least one write channel

falling below a predetermined threshold based on write
channel statistics monitored by the firmware; and
C1l decoder performance falling below a predetermined
threshold based on statistics accumulated for the Cl
decoder during C1 decoding of the encoded data,

wherein the read channel statistics include exponentially
averaged mean squared error (MSE) or signal-to-noise
ratio (SNR) for each simultaneously read track,

wherein the statistics accumulated for the C1 decoder com-
prise a number of uncorrectable C1 codewords for each
track, and

wherein the C1 decoder determines an uncorrectable Cl1

codeword 1n response to more than a correctable number
of C1 byte errors being present in the C1 codeword.

18. The method as recited 1n claim 17, wherein the C1
decoder performance falls below the predetermined threshold
for a specific track 1n response to detection of at least one
uncorrectable C1 codeword read from the specific track.

19. The method as recited 1n claim 18, wherein the C1
decoder performance falls below the predetermined threshold
for a specific track in response to detection of more than a
predetermined number (N) of uncorrectable C1 codewords
within a preset number (M) of most recently decoded C1
codewords for the specific track.

20. The method as recited 1n claim 16, wherein the side
information comprises a number of run-length limited (RLL)
error detection flags per C1 codeword, and wherein track-
dependent erasure decoding 1s performed on the encoded data
for a specific track in response to a determination of more than
an allowable number of RLL error detection flags 1n a single
C1 codeword read from the specific track.
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21. The method as recited 1n claim 13, wherein the per-
forming track-dependent erasure decoding on the encoded
data comprises:

calculating an erasure coellicient for each byte 1n a particu-

lar C1 codeword read using a specific track, each erasure
coellicient being a measure of a reliability of an associ-
ated decoded byte;

summing all erasure coeflicients for the particular C1 code-

word to produce a sum of erasure coelficients;
determining whether the sum of erasure coefficients 1s
greater than a predetermined configurable coetficient

threshold; and

performing track-dependent erasure decoding on the
encoded data for the specific track 1n response to a deter-
mination that the sum 1s greater than the predetermined
configurable threshold.
22. A computer program product, the computer program
product comprising a computer readable storage medium
having program instructions embodied therewith, the embod-
ied program instructions being executable by a processor to
cause the processor to:
read, by the processor, encoded data from a plurality of
tracks of a magnetic tape medium simultaneously using
a plurality of read sensors of a magnetic head; and

perform, by the processor, track-dependent erasure decod-
ing on the encoded data based on detection of one or
more time-varying signal quality 1ssues associated with
at least one of the plurality of tracks read simultaneously
from the magnetic tape medium.

23. The computer program product as recited 1n claim 22,
wherein the embodied program instructions executable by the
processor to cause the processor to perform track-dependent
crasure decoding on the encoded data further cause the pro-
cessor to:

perform, by the processor, C1 decoding of the encoded data

to produce a plurality of C1 codewords;

determine, by the processor, a probability that any of the

plurality of C1 codewords individually includes a num-
ber of C1 byte errors that exceeds a predetermined
threshold of C1 byte errors;

enable, by the processor, erasure pointers for C2 decoding,

in response to a determination that the probability 1s
greater than a threshold probability;

insert, by the processor, an erasure pointer in place of each

C1 codeword of the plurality of C1 codewords for which
the probability 1s greater than the threshold probability
to produce a plurality of erasure-enabled C1 codewords;
and

perform, by the processor, C2 decoding on the plurality of

erasure-enabled C1 codewords using C2 error-and-era-
sure decoding.

24. The computer program product as recited 1n claim 22,
wherein erasure pointers are enabled only on a set of tracks
having a highest relative probability that a C1 codeword read
from that track includes C1 byte errors exceeding the prede-
termined threshold of C1 byte errors.

25. The computer program product as recited in claim 22,
wherein the one or more time-varying signal quality 1ssues 1s
determined based on side information about reliability of
detected bytes within C1 codewords of each simultaneously-
read track, and wherein the side information 1s selected from
a group consisting of:

read channel performance of at least one read channel

falling below a predetermined threshold based on read
channel statistics monitored by firmware;
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write channel performance of at least one write channel
falling below a predetermined threshold based on write
channel statistics monitored by the firmware; and

C1 decoder performance falling below a predetermined
threshold based on statistics accumulated for the C1 s

decoder during C1 decoding of the encoded data.
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